is paper presents the operation status and results of ground thermal cycling test of pulse tube refrigerators (PTRs) for space application. Firstly, a thermal cycling degradation model was proposed by considering two physical mechanisms: contamination and fatigue damage. en, a thermal cycling test scheme of two types of PTRs was designed and performed to demonstrate their long lifetime and high thermal stability. Two type A PTRs with cooling capacity of 1W@60 K and two type B PTRs with cooling capacity of 5W@80 K were continuously operated for about two years in a simulated vacuum thermal cycling environment. Effects of heat rejection temperature variation on thermal stability and dynamic performance of the PTRs were investigated. Furthermore, the thermal cycling degradation model was validated with the actual thermal cycling test data. Finally, the predicted pseudo-failure lifetime was acquired via experimental data and degradation model. Moreover, the estimated reliability of PTRs was obtained through using the Weibull distribution. e proposed thermal cycling test scheme and innovative lifetime prediction and reliability estimation method provide a quick and accurate approach for the cooler manufacturer to assess the lifetime and reliability of the space PTRs.
Introduction
Cryogenic technology has become more and more important as cryogenic detectors play a critical role in the fields of meteorological forecast, earth observation, and astronomical research. e long-life infrared detectors are required to operate at a cryogenic temperature in order to decrease background noise and provide high sensitivity and resolution [1] [2] [3] . Miniature mechanical cryocoolers have been greatly developed for cooling the detectors [4] [5] [6] . Among mechanical cryocoolers, the pulse tube refrigerators (PTRs) have been widely acknowledged as a new-generation space cryocooler for their advantages of long lifetime, low vibration, and compact structure for long-life space missions [7] [8] [9] [10] . To satisfy the growing demand, PTRs not only should address the technical parameters but also must reach the requirements in term of temperature stability, operating reliability, and lifetime that critically affect the sensitive detectors. It is a great challenge for the PTRs which must maintain long-term stable operation with predictable performance despite a rigorous operating environment. e mission requirement of the cooling system is to keep the detectors at certain cryogenic temperatures with instability of less than 3 K for 8 years.
e PTRs installed on high orbit satellites are commonly subjected to a long-term repeated thermal cycling environment due to passing of the illuminated and shaded areas induced by solar eclipse and sun illumination in space. Previous studies [11] [12] [13] have shown that the heat reject temperature has a significant impact on the cooling performance and stability of the cryocoolers. For example, gaseous contamination, one of the major failure mechanisms of the cryocoolers, is strongly dependent on temperature changes [13] . Long-term periodic temperature change will ultimately produce a problem of instability and unreliable operation of the detectors. Unfortunately, only a sparse number of papers [12, [14] [15] [16] reported the experimental and theoretical results about the performance of cryocoolers under thermal cycling environment. Nguyen et al. [12] presented the thermal cycling test data of a single-stage coaxial pulse tube cryocooler to demonstrate the long lifetime and high reliability of the cooler system. e cryocooler also showed excellent temperature stability when the reject temperature varied from 293 K to 300 K. Nast et al. [14] conducted a thermal vacuum cycle test to demonstrate the qualification of the pulse tube cryocooler to a technology readiness level of six. Cauquil et al. [15] performed a life test in thermal cycles between 293 K and 328 K on a serial production of ales cryogenics RM2 coolers, and the mean time to failure of the coolers was 4900 hours. To demonstrate the 40000 hours designed lifetime of Sunpower M87 N cryocoolers, Shirey [16] et al performed thermal cycling tests on the cryocoolers with a temperature range of − 20°C to 40°C that could be experienced on orbit.
e space cryocoolers in the laboratory can achieve the required technical parameters such as cooling temperature and cooling power. But whether they can operate stably for more than 8 years in a dynamic space environment needs to be systematically investigated and demonstrated. To research the effect of a thermal cycling environment on the performance of the space PTRs, a set of experiments are performed and their thermal performance will be quantitatively presented in continuous operation conditions.
In this study, theoretical and experimental research on the thermal stability and lifetime of pulse tube refrigerators in a thermal cycling environment is carried out. A thermal cycling degradation model was proposed by considering outgassing property of nonmetal materials and low-cycle mechanical fatigue of ductile and brittle materials. e effects of thermal cycling on operational stability and dynamic performance of two types of PTRs are investigated rigorously with a combination of numerical analysis and experimental study. e experimental data show good fitting with the thermal cycling degradation model. Finally, a reliability estimation of PTRs was obtained through using the Weibull distribution. e proposed novel methodology enables the cooler manufacturers to more quickly and accurately assess the lifetime and reliability of the space PTRs. e rest of the paper is organized as follows. Section 2 establishes a thermal cycling performance degradation model based on the failure mechanism and thermomechanical characteristics of PTRs. Section 3 systematically designs the experimental program of thermal cycling tests. Section 4 offers the results of the thermal cycling tests and presents the lifetime prediction and reliability estimation methodology and the final results. Section 5 concludes the paper.
Thermal Cycling Degradation Model
In order to simulate the flight-like environment, cold-tip temperature and cooling power of the PTRs were almost kept constant to cool the instruments while the input electrical power was periodically varied in response to the heat reject temperature evolution. If the cooling temperature was increased due to performance degradation, input electrical voltage would be increased to maintain cold-tip temperature constant. erefore, the power consumption evolution could indicate the performance degradation of the PTRs. In this paper, performance degradation of the PTRs is defined as an increase of the initial power consumption to maintain cooling temperature constant during long-term operation.
Generally, typical failure mechanisms, i.e., gaseous contamination, wear, fatigue, and leakage, influence stable and long-term operation of PTRs [16] [17] [18] [19] . With the key technology development [20] [21] [22] , such as flexible bearings, metal O-ring seal, and clearance seal, the adverse effect of wear and leakage has been greatly reduced. Gaseous contamination and fatigue have become the two important factors that still greatly affect the reliable and long-lifetime operation of the PTRs on orbit. Usually, high-purity helium is used as working gas in the PTRs. Gaseous contamination can be referred to the foreign gas that lead to impurity of the working helium gas and thus induce cooling performance loss of the PTRs.
e key nonmetal materials which release internal gaseous contamination in the PTR mainly include motor glue and piston bushing in the compressor and outer shell in the regenerator. Our engineering experience and previous investigation [14] [15] [16] have shown that thermal cycling is mainly responsible for the instability operation of PTRs. e repeated varying heat reject temperature and cyclic power consumption will cause thermal expansion and contraction between the cylinder and the piston of compressor which may induce thermomechanical stresses and induce released contaminants blockage in the regenerator or heat exchanger. e factors that influence the cooling performance of PTRs are the number of thermal cycle and cycle frequency, heat reject temperature difference, and maximum heat reject temperature. e functional form of the thermal cycling degradation model can be expressed as
where N is the cycle number, ΔT is heat reject temperature difference, f is the cycle frequency, and T max is the maximum heat reject temperature. Due to lack of failure life data of PTRs, most manufacturers cannot provide enough lifetime information. e degradation model of PTRs should reflect the two failure mechanisms as contamination and fatigue induced by thermal cycling. Previous studies [23, 24] reported that the outgassing property of nonmetal materials has an exponential function relationship with ambient temperature and operation time as follows:
where m 0 is the initial contamination level, B is the temperature dependent coefficient, T is the reject temperature; t is the operation time; and A is the time dependent constant. With respect to the influence of reject temperature fluctuation and power evolution, low-cycle (few hundred or thousand cycles to produce failure) mechanical fatigue data 2
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where ΔD is the performance damage caused by thermal stress, N is the thermal cycle number, and c is the thermal stress coefficient. Consequently, based on the above outgassing property of nonmetal materials and thermal cycle fatigue model, a theoretical thermal cycling degradation model is established to describe the correlation between power consumption increment of the PTRs and cycle number, reject temperature fluctuation, thermal cycling frequency, and maximum reject temperature based on the following assumptions:
(1) ermal cycling is the only related factor for performance degradation of the PTRs (2) e failure mechanism of the PTRs at thermal cycling condition is consistent with that at normal condition (3) Performance of the PTRs degrades continuously; each thermal cycle causes performance damages
where P 0 is the initial power consumption of the PTRs, a 1 is thermal cyclic coefficient, a 2 is the reject temperature difference related parameter that indicates the effect of temperature fluctuation, a 3 is the frequency dependent parameter, and β is the Arrhenius law factor that represents the upper reject temperature effect. e higher frequency of the thermal cycle will lead to the greater thermal shock and accelerate the performance degradation process of the PTRs. e repeated varying heat reject temperature and cyclic power consumption will cause fatigue of ductile and brittle materials of the PTRs. In this study, the low frequency of the thermal cycle means low temperature change rate (2.08 K/h) and the influence of the thermal shock on the performance of the PTR will be small. us, the frequency term can be neglected in the thermal cycling degradation mode. So, equation (4) is reduced to a three-parameter function as follows:
en, the nonlinear degradation model (equation (5)) can be linearized in the form of y � a · x + b by taking the logarithm on both sides:
where y � ln(ΔP), x � ln N, k 1 � ln ΔT � ln(283 − 273) � 3.6889, k 2 � 1/T max � 0.0035, and a 1 , a 2 , and β are the unknown model parameters.
Experiment Design and Procedure
3.1. Specimen Preparation. According to the mission requirements, two types of pulse tube refrigerators with required cooling capacity of 1W@60 K with maximum input electrical power of 80 W (type A) and 5W@80 K with maximum input electrical power of 120 W (type B) have been developed and provided in the test. e experimental specimens have undergone a verification testing to verify the thermal performance before carrying out the thermal cycling test. A schematic diagram of the pulse tube refrigerator is shown in Figure 1 , and a photograph of the prototypes is depicted in Figure 2 . e PTRs mainly consist of a dualpiston linear compressor, a regenerator, a pulse tube, a gas reservoir, and heat exchangers at cold and hot ends. e prototype PTRs operate at frequency of 50 Hz with the working gas He at an average pressure of 3.25 MPa. e basic specifications of the PTRs are described in Table 1 .
Testing Profile.
In our preliminary test, the PTR has the capability to successfully work after experiencing the extreme nonoperational temperature range from 223 K to 323 K. To demonstrate the capability at operational conditions, the PTRs were needed to continuous operate at the simulated space environment. erefore, the testing profile of the thermal cycling test was designed and defined as depicted in Figure 3 to simulate the space environment and verify the thermal stability and long lifetime of the PTRs. e parameters of testing profile of the PTRs, such as dwell time, ramp rate, and temperature extremes, were given according to the requirement of temperature control and typical operating conditions in orbit. e heat reject temperature range of the PTRs was approximately from 243 K to 283 K, and one cycle time from low temperature to high temperature was about 168 h. Each cycle included a 60 h dwelling time at lower or upper temperature and 24 h for ramping up time or cooling down time as shown in Figure 3 . Details of thermal cycling test profile of the PTRs are listed in Table 2 . Figure 4 shows a detailed schematic of the test setup. e experimental apparatus mainly consisted of data measuring facility, data saving facility, data monitoring facility, and thermal control system. e prototypes were installed in cylinder vacuum chambers (Figure 4 (c)) to simulate the temperature and vacuum environment in orbit. e interesting performance parameters of the PTRs mainly included cold-tip temperature, input electrical power, heat rejection temperature, and heating load. Linear compressors of the pulse tube cryocoolers were driven by AC power sources with an accuracy of ±0.01 W. e cold-tip temperature and heat reject temperature at the hot end of the prototypes were measured via calibrated platinum (Pt100) resistance thermometers with an accuracy of ±0.1 K. e heaters with heating power of 1 W (type A) and 5 W (type B) via DC power supplies with an accuracy of ±0.01 W were applied to the cold heads to balance the cooling power. e cooling components such as heat plate and heat pipes (Figure 4 (a)) were applied to control heat rejection temperature though transporting waste heat from the heat exchanger ( Figure 4 (b)) to a radiator and then rejected to outer space. e NI-LabVIEW-based data acquisition module and operation control unit (Figure 4(d) ) were developed for saving and monitoring and controlling operational conditions of pulse tube cryocoolers in realtime. e control unit adjusted the motor motion of linear compressor to maintain the required cold-tip temperature, and it also provided power supplies, temperature control, and failure protection during thermal cycling tests. e control unit based on the PID (proportion integration differentiation) control algorithm is widely used in the cold-tip temperature control of the PTRs. By controlling and 
Experimental Apparatus.

Failure Criterion.
e lifetime requirement of the PTRs is achieved at least after 8 years continuous operation in orbit. e cooling capacity of type A PTR is required to provide cooling power of 1 W with stable cold-tip temperature of 60 K, and the type B PTR is required to provide cooling power of 5 W with cold-tip temperature of 80 K. As the PTRs have to provide sufficient cooling for the science instruments and optical system as well as to meet the 8 years lifetime requirement, the failure criterion of pulse tube refrigerator is mainly determined by the power consumption increment and the cold-tip temperature. During the thermal testing, a PTR is considered as performance degradation or failure if it could not meet the criteria which are specifically declared in Table 3 . Table 4 . As these experimental data have been filtered to eliminate off abnormal conditions such as shutdown or restart, the effective testing time is about 16000 hours. In addition, leakage tests of the prototypes have been performed before and after the thermal cycling tests and the leakage rates of the whole machine are about 3 × 10 − 8 Pa·m 3 /s, which meet the required leakage rate (<1.0 × 10 − 7 Pa·m 3 /s). Figure 5 shows the results of power consumption variations (left axis) and cold-tip temperature evolution (right axis) as a function of time. As depicted in Figures 5(a) and 5(b), cold-tip temperatures of type A prototypes could reach and operate stably at 60 ± 0.6 K with the input electrical power at range of 45-60 W. e main reason for the increase of cold-tip temperature fluctuation of type A No. 2 after operation 4000 h is the instability of control unit of the PTRs under complex working conditions. Similarly, the cold-tip temperature of type B prototypes could reach and maintain the preset point of 80 K with fluctuation less than 0.7 K with 64-100 W input electrical power. erefore, the cooling capacity of both type A and type B prototypes was satisfied the requirements for space applications as listed in Table 3 of Section 3.4. Figure 6 shows the effect of repeated varied heat rejection temperature on the power consumption of the PTRs when the heating power and cold-tip temperature are maintained at constant. As depicted in these figures, power consumptions of four prototypes are cyclic increased and decreased as reject temperature increases from 243 K to 283 K. e curves of power consumption evolution follow a similar variation trend with the heat rejection temperature in a cycle, which indicate that the cooling capacity of PTRs was significantly influenced by the reject temperature variation. For instance, in the 10th thermal cycle as shown in Figure 7 , the input electrical power of type e increasing modern space-borne cryogenic detectors have driven the demands for higher thermal stability to obtain high quality of signal and image. ermal stability is an important indicator to verify the high reliability and long lifetime of PTRs. At thermal cycling condition, the period of cool-down, restabilization, and heating up has adverse impact on thermal stability of PTRs. A PTR should maintain its thermal performance even if it is subjected to thermal cycling environment. In this sense, changes in cold-tip temperature and power consumption were investigated and determined after thermal cycling tests. Mathematical Problems in Engineering e mission requirement of long-term and short-term (one cycle) cold-tip temperature stability of the PTRs is to keep the detectors at a specified cryogenic temperature with fluctuation less than 3 K and 1 K, respectively. Figures 8 and  9 illustrate the capability for the short-term and long-term stability of the PTRs with heat reject temperature varying from 243 K to 283 K. A small cold-tip temperature difference (0.2 K-0.8 K) was observed as shown in Figure 8 . It can be seen from Figure 9 that the cycle-averaged cold-tip temperatures remain stable during 16000 h operation within ±1 K of the set points of 60 K for type A prototypes and 80 K for type B prototypes, respectively, which reach the requirement of temperature fluctuation (<3 K).
Results and Discussion
Furthermore, the average power consumption at upper reject temperature is adopted to indicate the performance instability or degradation of the PTRs. ese data can be obtained from the test results in Section 4.1 and are presented in Figure 10 . e figures depict the average power consumption of the prototypes as a function of cycle number. On one hand, as shown in Figure 10 Figure 10 (b) shows that the type B prototypes operate with a power fluctuation at the most of operational time and performance degradation has occurred at the end of the thermal cycling test. It also can be seen from Figure 10 (b) that the initial power fluctuation of type B prototypes is 1.73 W when the average power consumption of sample No. 1 increases from 95.25 W to 96.98 W. erefore, the power consumption of type A and type B prototypes can remain in a reasonable range in response to the reject temperature change. Based on the results above, the thermal adaptability and stability of type A and type B PTRs are both successfully verified under thermal cycling condition. Figure 10 also shows the type A and type B prototypes restarted operation after accident shutdown at points A-D. It is particularly important to note that the power consumption of type A PTRs gradually drops like the cool-down process after restarting operation at a period of time, which shows that the cooling capacity is almost completely recovered compared to the previous status. e above typical phenomenon indicts the performance degradation of type A PTRs happened most likely causing by gaseous contamination. Some condensable gas contaminants such as water vapor or carbon dioxide will gradually freeze and be absorbed on cold surfaces at low temperatures condition, especially in the regenerator which is made of porous materials, which will increase flow resistance and heat conduction and block passage of regenerator, thus leading to performance degradation of the PTRs. e effect of gaseous contamination on the performance degradation of the PTRs is apparently different from the mechanical failure modes: performance degradation caused by gas contamination could restore mostly to the original performance when the PTRs restart running after having been turned off for a period of time; however, the mechanical failure modes do not have this feature.
Dynamic Performance of PTRs.
In order to determine the dynamic performance of the investigated PTRs, the cooling capacity parameters, such as COP (coefficient of performance) and relative Carnot efficiency under thermal cycling condition are used and calculated as equations (7) and (8) , and the results are presented in Figures 11 and 12 .
where Q C is the cooling power, W ave is average power consumption of the PTRs at upper or lower heat reject temperature condition, T m is the mean cooling temperature of the PTRs, and T a is the heat reject temperature of the PTRs. Figures 11 and 12 present the efficiency of the type A and type B PTRs operating at upper or lower heat reject temperature conditions. It is obvious that COP and relative Carnot efficiency has a similar variation trend as the function of temperature cycle. As depicted in Figure 11 , the relative Carnot efficiency at lower heat reject temperature is better than that of at upper heat reject temperature. is is probably due to the greater heat losses induced by larger temperature difference at the upper heat reject temperature condition. At lower heat reject temperature condition, the No. 1 and No. 2 type A PTRs with cooling power of 1 W at 60 K can achieve the mean relative Carnot efficiency of 7.8% and 8.1%, respectively; the No. 1 and No. 2 of type B PTRs can achieve higher mean relative Carnot efficiency of 15.6% and 15.1%, respectively. Figure 12 shows the dynamic COP of the PTRs. As these figures illustrated, the maximum COP of the type A and type B PTRs is about 2.1% and 7.5%, respectively. From the results above, it is revealed that the type B PTR has a better dynamic thermal capability than type A PTR to achieve high efficiency.
Lifetime Estimation Methodology and Results.
As the performance degradation of the PTRs did not reach the preset failure criterion, the actual failure lifetime of the PTRs could not be obtained during thermal cycling tests. erefore, the pseudo-failure lifetime (Figure 13 ) instead of the Mathematical Problems in Engineering real failure lifetime was adopted to predict the operational lifetime and to estimate the reliability of the PTRs [26, 27] . e basic idea of the statistical analysis of performance degradation data of PTRs based on pseudo-failure lifetime is through the following four steps.
Step 1. Establish a performance degradation model based on the failure mechanism of the PTRs and use experimental data (t i , N i , P i ) of the ith sample to describe the performance degradation curve of the ith sample:
Step 2. Estimate the parameters (a 1i , a 2i , β i ) of performance degradation curve of each sample by least square method or nonlinear least square method based on measured performance degradation data (t j , N j , P ij ), (i � 1, 2, . . . , n; j � 1, 2, . . . , m):
where i is the number of the test samples (i � 1, 2, . . . , n), j is the record time of the test samples (j � 1, 2, . . . , m), and a 1i , a 2i , and β i are the estimated parameter values of the performance degradation model.
Step 3. Obtain the pseudo-failure life (N 1 , N 2 , . . . , N i ) through the degradation model and the failure threshold D f .
where f − 1 is the inverse function of f in equation (10) .
Step 4. Using the estimated pseudo-failure lifetime (N 1 , N 2 , . . . , N i ) to find the lifetime failure distribution function F(t) of the PTRs. Moreover, check the goodness of fit of the failure lifetime distribution.
Estimated Model Parameter
Values. e average power consumption data of the PTRs at upper heat rejection temperature were utilized as the thermal cycling degradation data after eliminating off abnormal conditions (as shown points A and B in Figure 10(a) ). e experimental data are presented in magenta curves in Figure 14 .
e nonlinear least square method in MATLAB was adopted to obtain the model parameters values based on multivariate nonlinear degradation model in equation (11) and the degradation data. e results are listed in Table 5 , and the fitting data are presented in Figure 14 . According to the performance degradation curves and the given failure criterion as presented in Section 3.4 (power consumption increment <10 W), a PTR has a certain lifetime in terms of operation thermal cycles. Since the performance degradation of the PTRs does not reach the failure criterion in the thermal cycling test, real lifetime failure data of the PTRs cannot be obtained. erefore, the estimated failure lifetimes instead of actual failure lifetimes are acquired as presented in Table 6 . 
Reliability Estimation Methodology and Results
Life Distribution and Goodness-of-Fit Test.
e failure time data of the PTRs are commonly described by a twoparameter Weibull distribution, which was widely applied by the previous studies [28, 29] . It appears to be a reasonable and accepted method for integral PTRs, which are subjected to performance degradation due to the contamination and fatigue failure mode. e general equation for the cumulative distribution function (CDF) of the Weibull distribution is
where m is the shape parameter and it can represent the characteristic life of the product and η is the scale parameter and it is closely related to the stress level at which the product operates: the greater the stress level, the smaller the scale parameter. Based on the results of the estimated failure lifetimes shown in Table 6 , the value of the shape parameter m � 4.5 was obtained according to the Weibull distribution. e lower confidence limit of the reliability of the PTRs based on the Weibull distribution can be expressed as
where
where t i (i � 1, 2, 3, 4) is the estimated failure lifetime and the results are shown in Table 6 , n is the total numbers of testing prototypes, and r is the estimated failure numbers; therefore, we can obtain t * � 3. 
Performance degradation D(t)
Failure criterion D f Performance degradation curves
Actual degradation path Fitting degradation path for small samples and strong robustness of the test results. erefore, this paper uses the K-S test method to test the hypothesis of Weibull distribution. e K-S test method depends on the distance, D, between the EDF F n (t i ) and the TDF (theoretical distribution function) F 0 (t i ). We compare D with the critical value D n,α . If D < D n,α , the original hypothesis is accepted; otherwise, the original hypothesis will be rejected.
where e reliability estimation of the PTRs can be calculated by equation (17) R L � exp[− (t m / 2t * )χ 2 c (2r + 2)], where the parameter c is the confidence level and we assumed that c � 0.75, χ 2 c (·) is the chi-Squared distribution and χ 2 c (2r + 2) � χ 2 0.75 (2 × 4 + 2) � χ 2 0.75 (10) � 6.737. en, the result of the reliability estimation of the PTRs at lower confidence limit is presented in Figure 15 . e reliability of the PTRs at lower confidence limit of 0.75 is 0.935 at continuous operation for 8 years (70080 hours) under thermal cycling.
Conclusion
e 8 years designed lifetime of space PTRs have the challenge to maintain stable operation in despite of rigorous space environment. In this study, theoretical and experimental research on the thermal stability, lifetime prediction, and reliability estimation of PTRs in a thermal cycling environment is carried out. e ground vacuum thermal cycling tests for two types of space PTRs have been completed for about two years, and the effects of heat rejection temperature on thermal stability and dynamic performance of PTRs were investigated. Moreover, the innovative thermal cycling degradation model and reliability estimation methodology were established and validated to quickly and accurately assess the lifetime and reliability of the space PTRs. e reliability of the PTRs was obtained as 0.935 at continuous operation for 8 years under thermal cycling. e results show that performance and thermal stability of type A (1 W@60 K) and type B (5 W@80 K) PTRs meet the program requirements as expected, and the PTRs could fulfill the lifetime requirement of 8 years on orbit. Further investigation will continue to research the detailed performance degradation factors of the PTRs.
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